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Abstract.  This paper describes a method to implement Reactive Power Compensation (RPC) in power systems 
that possess nonlinear non-stationary current disturbances. The Empirical Mode Decomposition (EMD) 
introduced in the Hilbert-Huang Transform (HHT) is used to separate the disturbances from the original 
current waveform. These disturbances are subsequently removed. Following that, Power Factor Correction 
(PFC) based on the well-known 𝑝-𝑞 power theory is conducted to remove the reactive power. Both operations 
were implemented in a shunt Active Power Filter (APF). The EMD significantly simplifies the singulation and 
the removal of the current disturbances. This helps to effectively identify the fundamental current waveform. 
Hence, it simplifies the implementation of RPC on nonlinear non-stationary power systems. 
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1 Introduction 
Currently, several methods have been proposed to 
characterize the nonlinear non-stationary power 
disturbances in the power systems. For instance, 
several methods that identify non-stationary 
disturbances were mentioned in [Lobos and Rezmer, 
1997; Janik et al., 2007; Lobos et al., 2007; Lobos et 
al., 2008; and Su et al., 2009] (to name a few). They 
are based mainly on the wavelet analysis and Prony's 
estimation. Among them, [Janik et al., 2007; Lobos 
et al., 2007; Lobos et al., 2008; and Su et al., 2009] 
have studied the interesting transient switching 
behavior of Power Factor Correction (PFC) 
capacitors in wind turbines, as well as its effect on 
the performance of power systems. Although these 
methods excel in detecting the non-stationary power 
disturbances, they do not suggest the practical way 
to remove them prior to the implementation of PFC. 
A sample current waveform with nonlinear non-
stationary disturbances from the wind turbine (as 
calculated by [Lobos et al., 2007]) is shown in Figure 
1. It was mentioned in [Lobos et al., 2007] that the 
existence of such disturbances complicates the 
implementation of Reactive Power Compensation 
(RPC) with capacitor banks. In the authors’ opinion, 
it is important to create an adaptive RPC strategy 
that could handle the random onset of such 
disturbances. Furthermore, the method should be 
able to deal with the non-existence of zero mean in 
the distorted current waveforms. A reliable method 
that could separate the distorted current into a 
fundamental waveform and several distinguished 
disturbances is needed. 
Therefore, the authors propose to use the Empirical 
Mode Decomposition (EMD) method (which was 
developed as part of the Hilbert-Huang Transform 
(HHT) [Huang et al., 1998]) to effectively identify 
and singulate the nonlinear non-stationary current 
disturbances from the power system. An 
instantaneous RPC method that combines the EMD 
and the shunt Active Power Filter (APF) control 
based on 𝑝-𝑞  power theory [Akagi et al., 1983; 
Akagi et al. 1984; and Watanabe et al., 2004] was 
developed. The study further validates the feasibility 
of this strategy on an unbalanced 3-phase 4-wire 
power system model that contains distorted currents. 
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Figure 1. Calculated current caused by capacitor 
bank switching at 8m/s wind speed (adapted from 
[Lobos et al., 2007]). 
This paper begins with an introduction on the 
concept of the proposed method. Following that, 
descriptions on the steps involved in EMD that 
singulates the current disturbances are given. 
Subsequently, the EMD-enhanced control strategy 
for shunt APF developed based on the 𝑝-𝑞 power 
theory is addressed. The results obtained from the 
proposed method are compared with the RPC results 
obtained from the existing shunt APF control so as 
to validate its performance. The paper finally ends 
with conclusions. 
 
2 Empirical mode decomposition 
The EMD was introduced by [Huang et al., 1998] as 
an innovative method to decompose the nonlinear 
non-stationary data into several instantaneous 
oscillating components known as the Intrinsic Mode 
Functions (IMFs) that possess zero mean. It enables 
the use of the Hilbert Transform (HT) to analyze the 
energy-time-frequency characteristics of the data. 
Generally, EMD involves a finite number of sifting 
processes. Each of them begins with the 
identification of the mean between the upper 
envelope and the lower envelope. As shown in 
Figure 2, the upper envelope is an interpolated cubic 
spline that connects all local maxima in the time 
series data. Similarly, the lower envelope is an 
interpolated cubic spline that connects the local 
minima. The mean between the upper envelope and 
the lower envelope is designated as 𝑚𝑖. Next, the 𝑚𝑖 
are subtracted from the time series data to obtain the 
𝑖-th component of sift, ℎ𝑖: 
𝑋(𝑡) −  𝑚𝑖 =  ℎ𝑖 (1) 
The sifting process is then repeated on ℎ𝑖 until the 
component of sift exhibits the following 
characteristics: (i.) possesses zero mean, and (ii.) 
doesn't possess either positive local minima values or 
negative local maxima. 
 
Figure 2. Sample showing how the maximum 
envelope, minimum envelope and the mean values of 
time series data are defined in EMD. 
The sift component is then designated as the 𝑘-th 
component of IMF, 𝑐𝑘. The 𝑐𝑘is subtracted from the 
original time series data to obtain the 𝑘-th residue, 𝑟𝑘: 
𝑋(𝑡) −  𝑐𝑘 =  𝑟𝑘 (2) 
The Standard Deviation (SD) is used as the stopping 
criteria for the 𝑖-th level's iteration, which can be 
fixed between 0.2 and 0.3 [Huang et al., 1998]: 
𝑆𝐷 =  ��|ℎ𝑖−1(𝑡) −  ℎ𝑖(𝑡)|2
ℎ𝑖−1
2 (𝑡) �𝑇
𝑡=1
 (3) 
From the authors' experience, this value determines 
the intensity of IMF subtraction in (2). Larger 
portion from the original data will be removed as 
IMFs if the SD value is high. 
The sifting process at 𝑖 -th and 𝑘 -th levels are 
repeated until a pre-determined stopping criteria is 
reached at step 𝑛 (i.e., when the 𝑟𝑛 contain least (or 
no) instantaneous frequency oscillation). As a result, 
we have obtained a number of IMFs (𝑐0, 𝑐1, … 𝑐𝑛) 
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that represent the instantaneous oscillating 
components of the data and a final residue, 𝑟𝑛 
decomposed from the original time series data:  
𝑋(𝑡) =  �𝑐𝑘 +  𝑟𝑛𝑛
𝑘=1
 (4) 
These components respectively represent the 
fundamental waveform, as well as the instantaneous 
oscillating components of the nonlinear non-
stationary data. This allows us to use the HT for 
interpreting the time series data as follows: 
𝑥(𝑡) =  ℜ��𝑎𝑗(𝑡)𝑒𝑖 ∫𝜔𝑗(𝑡)𝑑𝑡𝑛
𝑗=1
� (5) 
with, 𝑎𝑗(𝑡) denotes the magnitude of HT's analytical 
function, 𝑍(𝑡) = 𝑋(𝑡) + 𝑖𝑌(𝑡) , and 𝜔 =  𝑑𝜃(𝑡)
𝑑𝑡
. 𝑌(𝑡) 
and 𝜃(𝑡) are HT value and the phase of 𝑍(𝑡). 
In the RPC developed in this work, 𝑟𝑛 is used as the 
fundamental waveform as it contains the least 
instantaneously oscillating component. The IMFs 
represent the localized nonlinear non-stationary 
disturbances that will be removed during the 
compensation process. 
 
3 Proposed reactive power compensation 
The authors propose to combine EMD with the 
instantaneous RPC based on 𝑝-𝑞 theory for effective 
PFC. A sample test case with unbalanced load was 
created by the authors as shown in Figure 3. 
 
Figure 3. Sample test case of the proposed RPC method. 
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3.1 Power disturbances in the test case 
As shown in Figure 4, the load current at line 1 of 
the simulation model contains non-stationary 
disturbances (from 0.088s to 0.094s as shown in 
Figure 5). Meanwhile, nonlinear current distortions 
are observed in load currents at line 3. The voltages 
obtained from the model are shown in Figure 6. The 
distorted currents and the line voltages create severe 
distortions in instantaneous power (as shown in 
Figure 7). 
The authors argue that the current distortion at line 
1 is similar with the current distortion shown in 
Figure 1 (e.g., from time 0.02s to 0.04s). The nature 
of distortions in both cases is same although they 
have different time characteristics. The exactly 
similar distortion was illustrated in Figure 8 of 
[Gaing, 2003]. 
 
 
 
Figure 4. From top to bottom – load current at (a.) 
line 1; (b.) line 2; and (c.) line 3, within the 
simulation model. 
 
Figure 5. Load current disturbance detected at line 1 
(from 0.08s to 0.1s). 
 
Figure 6. Load voltages at all lines within the 
simulation model. 
 
Figure 7. Instantaneous power at all lines within the 
simulation model. 
The nonlinear current distortion at line 3 resembles 
the ordinary current distortion found in the 
unbalanced nonlinear power systems. 
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3.2 Detection of current disturbances 
The EMD decomposes the distorted currents (at line 
1 and line 3, respectively) to: (i.) 𝑟𝑛 that represents 
the fundamental current waveform, and (ii.) multiple 
IMFs that represent the current disturbances. The 𝑟𝑛 
and IMFs are treated as distinguished components in 
the shunt APF, which simultaneously implements 
the disturbance removal and PFC. 
As shown in Figure 8b, two disturbances in current 
at line 1 are identified. These components are 
removed from the original current waveform to 
yield the fundamental current waveform (Figure 8c). 
Similarly, two disturbances in current at line 3 are 
identified (see Figure 9b for the current disturbances 
and Figure 10 for detailed information on the IMF 1 
shown in Figure 9b). The fundamental current 
waveform is shown in Figure 9c. These disturbances 
are removed using a 4-leg split-capacitor converter 
controlled by a hysteresis current controller in the 
shunt APF.  
 
 
 
Figure 8. From top to bottom – (a.) load current at 
line 1; (b.) current disturbances at line 1 detected as 
IMFs by EMD; and (c.) smoothed current at line 1 
after the removal of disturbances. 
 
 
 
Figure 9. From top to bottom – (a.) load current at 
line 3; (b.) current disturbances at line 3 detected as 
IMFs by EMD; and (c.) smoothed current at line 3 
after the removal of disturbances. 
 
Figure 10. Current disturbances detected at line 3 
(IMF 1). 
 
3.3 Control of shunt APF 
The proposed EMD-enhanced shunt APF control 
was derived from hybridizing the EMD with the 
existing instantaneous RPC based on the modified 𝑝-
𝑞  theory described in [Akagi et al., 1999; and 
Togasawa et al., 1994]. The latter is chosen because 
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6 
of its capability to eliminate the zero sequence 
current and zero sequence power that exist in the 3-
phase 4-wire systems under unbalanced loading 
condition. The main objective of this hybridization 
is to determine the compensating currents that have 
to be produced by the shunt APF in the presence of 
nonlinear non-stationary currents. 
The RPC starts with the measurement of load 
currents (generalized as the line current, 𝐼𝐿  (see 
Figure 3), which consists of the 𝐼𝑅, 𝐼𝑆, 𝐼𝑇 components) 
and the neutral current, 𝐼𝑁. The measured 𝐼𝐿 are used 
as the input for EMD. The current disturbances, 𝐼𝑛 
detected by EMD, as well as the fundamental current 
waveforms, 𝐼𝑚 gained from subtracting the current 
disturbances from the respective 𝐼𝐿 are then used to 
control of the shunt APF. 
In the control model, the compensating currents for 
eliminating the 𝐼𝑛 are injected back to the power 
system as the compensating currents, 𝐼𝐶𝑛  for 
eliminating the disturbances. Afterwards, the 
modified 𝑝 - 𝑞  theory is used to calculate the 
compensating currents, 𝐼𝐶𝑚  for PFC. This calculation 
is rather straightforward as the 𝐼𝑚 doesn't contain 
any nonlinear non-stationary disturbances. The 𝐼𝐶𝑚 
and 𝐼𝐶𝑛 are then summed to obtain the reference 
compensation currents, 𝐼𝐶𝑟𝑒𝑓. 
Next, a hysteresis current controller is used to 
generate the control signals (𝑆𝑅, 𝑆𝑆, 𝑆𝑇, and 𝑆𝑁) for 
the 4-leg split-capacitor converter based on the 𝐼𝐶𝑟𝑒𝑓 . 
The converter injects the compensating load currents, 
𝐼𝐶𝐿  back to the power systems to achieve the 
complete RPC. 
On the other hand, the neutral current, 𝐼𝑁  is 
compensated by simply feeding the neutral line with 
the neutral current in the reverse direction. At the 
end of the current injections, the results anticipated 
are distortion-free sinusoidal source currents with 
unity power factor and zero reactive power, 𝑞 from 
the power source.  
 
 
 
4 Simulation results 
The proposed RPC with EMD-enhanced shunt APF 
control (henceforth known as the EMD-enhanced 
RPC) was implemented on the simulation model. 
The results obtained are shown in Figure 11. 
In order to compare and validate its performance, 
RPC using the shunt APF control method derived 
from the existing modified 𝑝-𝑞 theory (henceforth 
known as the RPC without EMD) is as well 
provided in the same figure. The steps involved in 
implementing the RPC without EMD is similar to 
[Akagi et al., 1999; and Togasawa et al. 1994]. 
As shown, the EMD-enhanced RPC demonstrates 
several advantages over the RPC without EMD: 
• Power output: both methods are able to 
produce zero reactive power, 𝑞. However, the 
EMD-enhanced RPC creates stable active 
power, 𝑝  and 𝑞  as compared to the RPC 
without EMD. Non-stationary oscillation in 𝑝 
and 𝑞  (between 0.075s and 0.1s) are not 
observed in the EMD-enhanced RPC. 
• Power factor: both methods yield unity power 
factor. Nevertheless, the oscillation in power 
factor is observed in the RPC without EMD 
due to the existence of non-stationary current 
components. The EMD-enhanced RPC doesn't 
possess this problem. 
• Total Harmonic Distortion (THD) index: 
both methods achieve convergence in the THD 
index. This indicates that the harmonic 
distortion in both cases is improving over time. 
There is no significant difference/improvement 
created by the EMD-enhanced RPC in this 
respect. 
• Current waveform: the nonlinear current 
distortions are successfully removed by both 
RPC methods. Nevertheless, the RPC without 
EMD failed to remove the non-stationary 
current disturbance. In fact, this current 
disturbance causes the non-stationary 
oscillations observed in the 𝑝, the 𝑞 and the 
power factor. As for the EMD-enhanced shunt 
APF control, the non-stationary current 
disturbance is perfectly removed. 
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In short, the EMD-enhanced shunt APF control 
excels in compensating 3-phase 4-wire power 
systems with nonlinear non-stationary current 
disturbances. In particular, the advantage of using it 
on the non-stationary current disturbances is very 
apparent. 
 
  
  
  
  
(a) (b) 
Figure 11. Simulation results obtained from: (a.) the existing shunt APF control, and (b.) the EMD-enhanced 
shunt APF control. 
 
5 Conclusions 
This paper has presented a shunt APF control 
method for RPC in 3-phase 4-wire power systems 
that contain nonlinear non-stationary power 
disturbances. A hybrid control method that combines 
the EMD and the existing shunt APF control based 
on the modified 𝑝-𝑞 theory was developed to serve 
the purpose. Steps involved in implementing the 
proposed RPC are addressed and assessment is 
performed to validate its performance. The results 
have proven that the proposed method excels in 
removing non-stationary current disturbances, while 
performing equally well with the existing shunt APF 
control method when handling the nonlinear current 
disturbances. Note-worthily, the EMD is able to 
produce control input for singulation of current 
disturbances in real time. The performance of this 
feature will be examined at the next level of study. 
In future, this model can be extended to solve other 
power system problems such as the control of active 
damping used in the Wide Area Monitoring (WAM) 
of smart-grids. This is because, the inter-area 
oscillating component found in the WAM problems 
are nonlinear non-stationary in nature. The use of 
the control method based on Fourier Analysis (FA) is 
no longer valid in such situation due to spectral 
leakage problems. Also, it is unable to precisely 
identify the energy-time-frequency information in 
time domain. 
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